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Determining the Gaussian Curvature Modulus of Lipid Membranes in
Simulations: A Comparative Study via Global Shape Transformations
and Local Stress Distributions
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Biomolecular Sciences and Biotechnology Institute & Zernike Institute for
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The Gaussian curvature modulus k-bar matters for many important biological
processes that involve topological and/or boundary changes of cell membrane,
e.g. endo- and exo-cytosis. However, only sparse experimental measurements
of have been reported, and even fewer accurate results obtained via computer
simulations exist. Here, we propose a novel approach to determine k-bar
in silico by monitoring patch-closure processes of pre-curved circular bilayers.
Applying this method to two different coarse-grained (CG) membrane
models, namely the generic Cooke model [1] and the more finely-resolved
and systematically parameterized MARTINI model [2], we find elastic ratios
between the two curvature moduli, k-bar/k, in the range between 0.85 and
1.05, in line with previous estimates in literature. Yet, for the same systems
studied, another well known method, which derives the material parameters
from moments of the lateral stress profile, produces results that are neither in
accordance with the patch-closure method nor, in fact, physically plausible.
One potential reason of the failure lies in the mean field essence of this second
method, which does not consider lipid-lipid correlations. Our study hence raises
concerns about attempts to derive curvature-elastic properties using the stress
profile method.
[1] I. Cooke et al, Phys Rev E, 72, 011506 (2005)
[2] S. J. Marrink et al, J Phys Chem B, 111, 7812 (2007)
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Transmembrane proteins that have a hydrophobic mismatch with the mem-
brane induce membrane thickness deformations at the nanoscale [1].
We put forward a modification to continuum elastic models describing mem-
brane thickness deformations [2]. We show that contributions involving the
gradient (and the Laplacian) of the area per lipid are significant and should
be accounted for in the effective Hamiltonian per lipid from which the effective
Hamiltonian of the bilayer is constructed, in the spirit of Ref. [3].
We compare the predictions of our model with numerical data giving the profile
of membrane thickness close to a mismatched protein [4,5], and with experi-
mental data on gramicidin lifetime [6] and formation rate [7].
This analysis yields consistent results for the term stemming from the gradient
of the area per molecule [2]. The order of magnitude we find for the associated
amplitude, namely 13-60 mN/m, is consistent with the idea that this term in-
volves a significant contribution of the interfacial tension between water and
the hydrophobic part of the membrane. Indeed, this contribution alone would
yield a 25 mN/m value for this amplitude. In addition, the presence of this
new term explains a systematic variation in numerical data [2].
[1] Huang HW, Biophys J 50:1061-1070 (1986).
[2] Bitbol A-F, Constantin D, Fournier J-B, PLoS ONE, in press (2012).
[3] Dan N, Pincus P, Safran SA, Langmuir 9:2768-2771 (1993).
[4] Brannigan G, Brown FLH, Biophys J 90:1501-1520 (2006) & Biophys J
92:864-876 (2007).
[5] West B, Brown FLH, Schmid F, Biophys J 96:101-115 (2009).
[6] Elliott JR, Needham D, Dilger JP, Haydon DA, Biochim Biophys Acta -
Biomembr 735:95-103 (1983).
[7] Goulian M, Mesquita ON, Fygenson DK, Nielsen C, Andersen OS,
Libchaber A, Biophys J 74:328-337 (1998).
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Richard W. Tourdot, Ramakrishnan Natesan, Ravi Radhakrishnan.
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Curvature inducing cell membrane proteins migrate along mean curvature
gradients during cell membrane remodeling processes such as endocytosis and
cellmotility. The curvature sensing abilities of thesemembrane proteins are vital
for their localization and subsequent recruitment of other cell constituents to the
membrane. Recent experiments have demonstrated the redistribution of curva-ture inducing proteins along a precurved membrane supported by a wavy sub-
strate. These experiments can elucidate the behavior of curvature inducing
proteins over a much smaller curvature range than was analyzed in previous ex-
periments of segregation on pulled membrane tethers. Wavy substrates provide
a model system for deconvolution of the slight effects of frame tension and pin-
ning. The surface migration of these proteins along a wavy surface has been in-
vestigated using a curvilinear membrane model evolved with Monte Carlo
techniques based on the Helfrich Hamiltonian. The migration and segregation
of membrane proteins is quantified in simulations with free energy methods in-
corporating Widom ghost particle insertion and thermodynamic integration.
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Determining the Mean Curvature Modulus of a Lipid Membrane by
Simulating Buckling
Mingyang Hu, Patrick Diggins, Markus Deserno.
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Membrane remodeling is central to a large number of cell biological processes,
and the cost for elastically deforming the lipid bilayer features prominently in
the energetic budget of such events. It is quantified by the mean curvature mod-
ulus, the determination of which is hence a prominent task for experimental and
computational membrane scientists alike. The standard approach in simulations
is to monitor the undulation spectrum [1], but in order to reach the continuum
regime one needs large membranes that take disproportionately long to equil-
ibrate. It has been suggested to instead simulate curved membrane tethers and
measure their axial force [2], but this method has technical difficulties for
models that are not strongly coarse grained. Here we consider an alternative
strategy recently proposed by Noguchi [3], namely, measuring the response
of a membrane to buckling. We provide highly accurate analytical expressions
to analyze parallel and perpendicular stresses, valid far into the highly nonlin-
ear regime, and we derive fluctuation corrections. Using a variety of membrane
models, ranging from strongly coarse grained to atomistic, we show that highly
accurate values of the mean curvature modulus can be obtained with remark-
able computational ease. The technique also permits to check whether devia-
tions from quadratic curvature elasticity are important, and it offers insights
into the thermodynamics of the bending energetics itself.
[1] Goetz R., Gompper G., and Lipowsky R., ‘‘Mobility and elasticity of self-
assembled membranes’’, Phys. Rev. Lett. 82, 221-224 (1999).
[2] Harmandaris V.A. and Deserno M., ‘‘A novel method for measuring the
bending rigidity of model lipid membranes by simulating tethers’’, J. Chem.
Phys. 125, 204905 (2006).
[3] Noguchi H., ‘‘Anisotropic surface tension of buckled fluid membranes’’,
Phys. Rev. E 83, 061919 (2011).
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Anna A. Drozdova, Sergei I. Mukhin.
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We calculate renormalization of the opening energy barrier of mechanosensi-
tive channel by local curvature fluctuations: U= U0 þUfl, Eq. (1), P0(z) and
P1(z,H) are lateral pressure profiles in the flat and curved bilayer respectively,
H and A(z) are local mean curvature and the difference between open/closed
channel cross-section profiles. Function P1(z,H) was derived in [1] analytically
using flexible strings model of lipid chains [2]. The average over fluctuations of
the membrane’s shape h(x,y) in the Monge representation [3] uses Boltzmann
factor of a curved conformation exp(-F(H)/T) with elastic free energy func-
tional F(H) taken in the Helfrich form, Eq. (3); k and r are bending rigidity
and surface tension. Comparing our results with molecular dynamics data [4]
for curved bilayers, we estimate relative
importance of the contributions of the lipid
tails and phospholipid headgroups to the
energy barrier U.
References:
[1] A.A. Drozdova and S.I. Mukhin, Biophys. J. 102(3), Suppl.1, 503a (2012).
[2] S.I. Mukhin and S.V. Baoukina, Phys. Rev. E71, 061918 (2005).
[3] L. Peliti and S. Leibler, Phys. Rev. Lett. 54, 1690 (1985).
[4] Grischa R. Meyer et al. , Biophys. J. 91, 1630 (2006).
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The formation of COPI-transport vesicles and fission from the Golgi membrane
proceeds via local deformation of the lipid bilayer by a curvature generating
Monday, February 4, 2013 245aprotein coat. The assembly of the COPI complex is initiated by the GTPase
Arf1 in a nucleotide-dependent manner. After GDP/GTP exchange, soluble
Arf1 becomes membrane bound by insertion of its myristoylated N-terminal
amphipathic helix (myrAH) into the proximal leaflet of the Golgi membrane.
The subsequent liberation of transport vesicles requires the full COPI complex
and has been observed in vivo and in vitro. However, the role of Arf1 in the
process of curvature induction has not been fully elucidated. To study the ef-
fects of Arf1 on membrane morphology we have evaluated binding and incor-
poration of recombinant S. cerevisiae Arf1p into lipid mono- and bilayers.
Using a Langmuir film balance setup and binding assays with artificial
liposomes, we observe a myristoylation-
dependent increase in membrane surface
area upon addition of Arf1p. Confocal laser
scanning microscopy and cryo electron mi-
croscopy reveal highly curved membrane
structures upon incorporation of myristoy-
lated Arf1p. Our results support a mecha-
nism of positive curvature induction
based on the bilayer couple theory.1257-Pos Board B149
Ligand Binding Alters Dimerization and Sequestering of Urokinase
Receptors in Raft-Mimicking Lipid Mixtures
Yifan Ge1, Amanda P. Siegel2, Rainer Jordan3, Christoph A. Naumann1.
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USA, 2Department of cellular and integrated physiology, Indiana University
School of Medicine, Indianapolis, IN, USA, 3Makrolekulare Chemie, TU
Dresden, Dresden, Germany.
Urokinase-type plasminogen activator receptor (uPAR) is a glycosylphospha-
tidylinositol (GPI)-anchored protein that plays an important role in several
physiological and pathological processes. Research on cellular systems
has shown that certain uPAR-binding proteins, such as urokinase plasmino-
gen activator (uPA) and vitronectin, may alter the functionally important
uPAR dimerization. It has been hypothesized that this dimerization has
a direct influence on the affinity of uPAR for particular membrane microdo-
mains, which may explain the role of uPAR in signal transduction. The cur-
rent paper explores the fascinating relationship between ligand binding,
uPAR dimerization, and sequestering of uPAR in the presence of lipid micro-
domains using a model membrane system containing raft-mimicking lipid
mixtures. Herein receptor sequestering information is obtained using XY-
scans of confocal fluorescence intensity and dimerization data are acquired
via photon counting histogram (PCH) analysis. According to our experi-
ments, uPAR has a preference for cholesterol-enriched lipid domains and
forms a substantial amount of dimers in the absence of ligands. More impor-
tantly, the addition of ligands substantially influences the dimerization state
and partitioning of the urokinase receptor in the model membrane environ-
ment. The role lipid composition on receptor sequestering and dimerization
will be discussed.
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Fibroblast growth factor receptor 3 (FGFR3) is a single pass membrane protein
and a member of the receptor tyrosine kinase (RTK) family of proteins. FGFR3
is critically involved in cellular processes that regulate skeletal growth and de-
velopment. FGFR3 has three distinct domains: the ligand binding extracellular
domain, the cytosolic kinase domain, and the transmembrane domain (TMD).
Previous work with the isolated FGFR3 transmembrane (TM) domain has
shown that it has the ability to self-dimerize. Mutations in FGFR3 can lead
to a variety of diseases, but more specifically, mutations in the TMD of the pro-
tein can cause achondroplasia (the most common form of dwarfism, thanato-
phoric (skeletal) dysplasia, Crouzon syndrome (cranial dysplasia) with
acanthosis nigricans (hyperpigmentation of the skin), and bladder cancer.
Though the structures of the extracellular and cytosolic domains of FGFR3
have been resolved, the structure of the TMD dimer and the effects of patho-
genic mutations on the dimer structure are still unknown. Using the ToxR as-
say, structural studies were carried out by studying the role of the SmXXXSm
motif in the dimerization of the FGFR3 TMD. The SmXXXSm motif has been
shown to drive the dimerization of many transmembrane proteins. Results
from the ToxR assay indicate that the SmXXXSm does not play a role in thedimerization of the WT FGFR3 TMD. In contrast, similar studies carried out
with the A391E mutant TMD show that the SmXXXSm motif plays a role in
TMD dimerization. These results lead to the conclusion that the pathogenic
A391E TMD has a different dimer structure than the WT FGFR3 TMD.
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The composition of the plasma membrane has long been modeled as a fluid mo-
saic. (Singer and Nicolson, 1972) Studies in the last few years have identified
microdomains like lipid rafts and caveolae that constrain membrane proteins
within a small region of the cellular plasma membrane. These domains facili-
tate anchoring of different signaling proteins, like H-Ras, that has been shown
to co-localize with nano domains upon activation (Lommerse et al. 2005,
Rotblat et al. 2004). It is believed that these nanodomains function as important
platforms for a multitude of signaling cascades that are initiated at the plasma
membrane. Given that many of the transmembrane signals will need a coordi-
nated domain organization, it is of importance to investigate properties like
size, shape, stability and their mutual interaction.
Here we transfected 3T3-cells to express the membrane anchor of H-Ras linked
to Dendra2 or mEos2. Photo Activated Localization Microscopy (PALM) and
Stimulated Emission Depletion Microscopy (STED) were used to make high
resolution images of H-Ras distribution on the membrane as a probe for inner
membrane domains. The GPI-anchored protein CD59 is used as a probe for the
outer membrane domains to investigate colocalization of internal and external
membrane domains. Using a SNAP-tag we covalently link Alexa647n to CD59
and image with direct stochastic optical microscopy (dSTORM).
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Polyunsaturated Free Fatty Acids Inhibit Coupling Between the Er Ca2D
Sensor STIM1 and the Ca2D Channel Protein Orai1 Stimulated by Ige
Receptor Crosslinking or Thapsigargin in a Process that Correlates with
Disruption of Lipid Order
David Holowka, Marek Korzeniowski, Barbara Baird.
Cornell University, Ithaca, NY, USA.
Polyunsaturated fatty acids (PUFAs) have been found to be effective inhibitors
of cell signaling in numerous contexts. We find that acute addition of these
PUFAs in micromolar concentrations, including linoleic acid, substantially
inhibits Ca2þ responses in mast cells stimulated by antigen-mediated crosslink-
ing of FcεRI or by the SERCA inhibitor, thapsigargin. In addition to inhibiting
store-operated Ca2þ entry, linoleic acid inhibits antigen-stimulated release of
Ca2þ from intracellular stores and granule exocytosis. Using AcGFP-Orai1
and STIM1-mRFP to monitor stimulated coupling in COS7 cells by FRET
in a fluorimetry assay, we find effective inhibition of this association by linoleic
acid added either before or after stimulation by thapsigargin and ATP.
Stearic acid, a saturated fatty acid of the same length as linoleic acid, does
not inhibit FRET or Ca2þ signaling when added at the same concentrations.
We showed previously that giant plasma membrane vesicles exhibit liquid
order/liquid disorder phase separation at low temperatures, and we find that
stearic acid enhances whereas linoleic acid prevents this phase separation.
Our results suggest that PUFAs interfere with STIM1-Orai1 coupling by
a mechanism that correlates with inhibition of membrane order heterogeneity
in cells.
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We recently developed a method termed TOCCSL (‘Thinning out Clusters
while Conserving Stoichiometry of Labeling’) which allows for the first time
the direct imaging of nanoscopic stable platforms with raft-like properties dif-
fusing in the live cell plasma membrane. Our method senses these platforms by
their property to assemble a characteristic set of fluorescent marker-proteins/
lipids on a time-scale of seconds. A special photobleaching protocol was
used to reduce the surface density of labeled mobile platforms down to the level
of well-isolated diffraction-limited spots, without altering the single spot
